Abstract Biodiversity is most commonly measured in taxonomic richness. For example, it is common to describe how diverse a genus or a geographic area is by counting the number of species within them. Phylogenetic diversity (PD), a measurement of the branch lengths in a phylogenetic tree, is a better measure of biodiversity that provides a comparable, evolutionary measure of biodiversity not possible with species counts. Despite its advantages, PD is rarely used as the primary measure of biodiversity. We developed a genus-level phylogeny for nearly 90% of taxonomically described Australian land plants and compared PD to genus richness in multiple clades. The proportion of PD per genera was skewed among clades. Non-angiosperm clades had more PD than expected given the number of genera while angiosperm clades had less PD than expected. For example, ferns comprised only 4.7% of the genera yet 13.0% of the PD, while the angiosperms as a whole comprised 78.9% of the genera but only 62.7% of the PD. It is likely that cultural reasons, such as taxonomic biases, are more important than methodological and biological phenomena in explaining these discrepancies. Regardless of reasons for the observed results, we conclude that a shift towards the use of PD as the primary descriptor of biodiversity will promote an important conceptual shift in biodiversity studies as a quantitative science.
Introduction
For better or worse, biodiversity is usually measured by richness of species or taxa at other ranks, and the vast majority of classifications are made by segregating groups using perceived morphologically difference by an expert or experts. Indications of biodiversity, both geographically and taxonomically, are almost always given by stating the number of included taxa. From our own work: "The tribe Acacieae . . . contains two genera, . . . which comprise about 1200 species with over 950 confined to Australia (Miller & Bayer, 2000) ", is representative of the literature. Extensive tables of species numbers present in a political region, biome, or genus often accompany such statements.
According to the Angiosperm Phylogeny Group (2016) , the rosids comprise 130 families and the asterids comprise 99 families. Does this mean that the rosids are more diverse than the asterids? Taxonomists have named more families in one than the other, but does that translate to other taxonomic levels such as genera or species? Asterids could contain more species in fewer families than rosids, but would that then mean they are more diverse? More importantly, do differences in taxon number equate to greater genetic diversity or functional trait diversity? And in today's world of declining biodiversity, do such taxonomic comparison provide useful information for conservation discussions? (Mace, 2004; Mishler, 2009 Mishler, , 2010 .
In this era of rapid development of resources for informatics and molecular phylogenomics there are better options that provide more informative comparative data. Faith (1992) first conceptualized phylogenetic diversity (PD), a measurement of the branch lengths in a phylogenetic tree, as an additional measure of biodiversity. Phylogenetic diversity is most commonly used in a geographic context to ask: how much of a phylogeny is in a certain geographic area? PD is calculated by summing the branch lengths that connect the terminal taxa in a region, usually including the shortest path to the root of the tree. As with taxonomic diversity, PD can be used to compare diversity between geographic areas. In addition to comparing the number of taxa in two different countries or biomes, one can measure the amount of evolutionary history (PD) shared between the two areas (phylobetadiversity, Graham & Fine, 2008; Laffan et al., 2016) .
PD can also be used to compare the relative amounts of phylogenetic diversity among major clades of a phylogeny.
In this case branch lengths are measured as the shortest path to the most recent common ancestor of a group of terminals. It is this latter measure of "local PD" that we will apply in this paper. Local PD measurements within a tree can be compared, including within nested clades, which allows comparisons of taxonomic richness and PD. These branch length measurements can be divided by the total length of the tree to calculate the percent of PD contained in any clade. For example, as is done in the present paper, the question can be asked: what proportion of the tree comprises a given taxonomic unit? This can be measured even if the taxonomic unit is not monophyletic. Comparative questions can be addressed such as: does genus A contain more PD than genus B (on the proviso that adequate sampling within each genus has been incorporated in the phylogeny)? This result can be compared to the species richness differences between the two genera.
Australia has a high level of floral biodiversity regardless of whether it is measured taxonomically or phylogenetically. The flora has been thoroughly censused and genetically sampled, and is a prime example for testing correlations between PD and taxonomic diversity. According to the Australian Plant Census (CHAH, 2018) the continent contains 2217 genera of vascular plants, 285 genera of mosses and 153 genera of liverworts and hornworts. We generated a phylogeny with branch lengths for most of the Australian genera. Using this we quantified the PD within each major clade of the Australian flora, and asked the following questions: (i) Does the amount of taxonomic diversity equate to the PD within a clade? (ii) If PD/taxonomic diversity patterns are non-concordant are there differences in their relationship across the tree of land plants? and (iii) What are possible explanations for non-concordance of PD and taxonomic diversity?
Material and Methods
We sampled 2363 genera (Table S1 ) of the recorded 2655 (89%) Australian native land plant genera (CHAH, 2018) . Each genus was represented as one operational taxonomic unit (OTU) in the phylogeny and was therefore assumed to be monophyletic. We generated the tree by selecting DNA sequences from GenBank with a preference for specimens native to Australia. The dataset includes the angiosperm data alignment of Thornhill et al. (2016) with the addition of gymnosperm, fern, and bryophyte genera (Table S2) .
Seven loci were used in this study: ITS, atpB, trnK, trnL, matK, ndhF, and rbcL (Table S1 ) and the OTUs were often chimeras, i.e., with genes from different species concatenated to represent a genus. Sequences of Australian genera were extracted from Smith et al. (2011) and additional sequences were added from GenBank using Genefinder (Lanfear & Bromham, 2011) and Geneious (Drummond et al., 2009) .
MAFFT was used for all alignments (Katoh & Standley, 2013 ) of the 2363 OTUs. Maximum likelihood analysis was performed in the CIPRES Portal (www.phylo.org) using the RAxML HPC2 on XSEDE analysis with a partition model with 100 bootstrap replicates. The tree file is available at Dyrad (Data S1) and an interactive visualization is available at http:// phylolink.ala.org.au/phylo/show/3898. Algorithms written in Cþþ using the Standard Template Library were used to calculate PD and local PD (source code available at https://github.com/gjolleyrogers/PD). Accuracy of the code was confirmed with known test cases and simulations. Local PD is the sum of the branch lengths that connect just the taxa of interest down to their most recent common ancestral node, while PD typically is global in that it includes branch lengths to the root of the phylogeny.
Results
The phylogenetic topology was broadly concordant with expected relationships and the angiosperm orders of APG IV (Angiosperm Phylogeny Group, 2016). The maximum likelihood tree is shown in Fig. S1 .
Phylogenetic diversity measurements and number of Australian genera were recorded for major clades, many of which were nested within each other (e.g., the rosids are nested within the angiosperms). All non-angiosperm plant clades contained a larger proportion of PD than their proportion of genera (Table 1 ; Fig. 1 ), while the angiosperm clades as a whole contained a smaller proportion of PD than their proportion of genera. For example, the liverworts contain 13.3% of the PD but only 6.2% (148) of the genera (i.e., terminals of the phylogeny), while the seed plants contain 79.6% (1917) of the genera but only 64.0% of the PD. All angiosperm clades that we assessed, with the exception of the Caryophyalles, contained less PD than expected given their generic richness (Fig. 1) . Table 1 The number of genera, proportion of genera, proportion of phylogenetic diversity and expected genera calculated in this study for major plant clades Group Genera % Genera % PD Expected genera Expected genera is the number of genera expected if PD was proportional with generic richness.
Discussion
In a perfect world, taxonomic knowledge would be expected to equate with phylogenetic knowledge, that is for every unit at a particular taxonomic rank (i.e., genus or species) there would be the same amount of phylogenetic diversity incorporated. However, this is not the case (Fig. 1) , and would be very difficult to attain in practice given biological reality. When comparing the proportion of PD to the proportion of genera contained in several major clades we found large discrepancies, with non-angiosperm clades having more PD than expected given the number of genera and angiosperms having less PD than expected given the number of genera. We sampled 111 fern genera but there would need to be 307 genera recognized (an increase of 177%), without increasing total branch lengths within the fern clade, to get a one-to-one ratio of percent PD and genera. Likewise we sampled 1879 angiosperm genera but there would need to be only 1496 recognized genera (a decrease in 20%), without changing total branch lengths within the clade, to get a one-to-one ratio of percent angiosperm PD and genera. Mosses have the best match seen here between taxonomy and PD (Table 1; Fig. 1 ).
There are several potential explanations for these discrepancies, three of which would explain them as artifacts. First, it might be argued that the use of genera as a comparative unit is not optimal and that the more appropriate comparison would be at the species level. However, the same problems would be seen at the species rank. If the non-angiosperm genera were more species-rich than the angiosperm genera then the skewness of the PD and taxonomic measures might be lessened, however the angiosperm genera have far more described species/genera, which would only increase the skewness (Table 2 , The Plant List, 2013).
Second, it might be argued that the skewness of the PD and taxonomic measures is due to the restriction of this study to only the Australian flora. This phylogeny samples only 14% of recognized plant genera (2363 of 17 020; The Plant List, 2013; http://www.theplantlist.org/). However, worldwide angiosperms have eight times more described genera than the bryophytes (14 559 vs. 1822) and as bryophyte genera tend to be more widespread and cosmopolitan, they are overrepresented in our data set where there are only 5.3X more angiosperm genera than the bryophytes (1879 vs. 352). It would therefore be expected that the skewness of PD towards the non-angiosperms would be larger in a phylogeny of all world genera than it is in the present study.
Third, the phylogeny was constructed from six plastid genes, and only one nuclear gene, thus the topology and branch lengths are specific to this dataset and analytical methods. If we were to make the tree with different DNA markers and phylogenetic methods the tree would be slightly different, yet it seems unlikely that the choice of DNA markers or analysis alone accounts for the skewness between PD and generic taxonomy proportions. Proportional PD, used in this study, measures the percentage of a phylogeny that is taken up by a particular clade. Increased or decreased overall branch lengths throughout the tree would not itself affect the proportional PD of a taxon. Changes in proportional PD might only happen when markers with distinctly different rates of evolution (i.e., branch lengths) among major clades, for example phylogenies derived from random nuclear loci versus the plastid loci used here.
We used local PD, which measures branch lengths back to the most recent common ancestor of a set of taxa instead of normal PD, which measures to the tree root. Our results when we used normal PD (not reported here) further skewed PD values higher for the angiosperm clades, which have ancestral nodes further from the root than do the non-angiosperm clades.
In our opinion, the imbalance between PD and taxonomy at the genus level is real, with its explanations rooted both in taxonomists' practices and in biology. Taxonomic distinctions are heavily influenced by various human biases. More visually distinctive organisms (such as butterflies or orchids) tend to be more heavily studied as compared to more visually cryptic organisms (such as nematodes or mosses). When a group has had more taxonomic work this usually leads to more detailed knowledge that can split the taxonomic outputs into more precise entities. The same is true for economically important organisms. Furthermore, different communities of taxonomists working on different groups, or in different parts of the world, apply differing philosophies. If the great experiment of Linnaean taxonomy were to be rolled back to the beginning and a new taxonomy of Earth's flora were reinitiated, it would be unlikely to give the same results; however, PD measures would not change. The same human biases would likely result in similar imbalances between PD and taxonomic splitting. Phylogenetic diversity measuresDifferences in evolutionary processes among major groups also likely influence this imbalance between PD and taxonomy. The branch lengths in the non-angiosperm parts of the tree are clearly longer than in the angiosperm parts. This could be due to a higher extinction rate in the non-angiosperms, or conversely a higher diversification rate in the angiosperms. Angiosperms indeed appear to have diversified at a more rapid rate than non-angiosperms (Fiz-Palacios et al., 2011) .
However, one must be careful in trying to tease out such biological differences among groups, since such inferences about diversification and extinction rates have heretofore depended on the number of terminal taxa described and reflect assumptions about comparability of taxonomic ranks, usually species (Rabosky et al., 2013; Wiens et al., 2015) . Estimates of these rates are wholly dependent on the taxonomy of the terminals used in a study, and the thoroughness of the sampling of the taxonomy in the phylogeny, although this circularity is rarely acknowledged (Rabosky et al., 2013) . Indeed, if diversification does not correlate with morphological evolution (Adams et al., 2009) , then diversification rate studies may just be measuring the rate of taxonomic work, which of course is uneven across the tree of life. If diversification rates are correlated with morphological change, then a given branch length measured using change in taxonomic traits may be uncorrelated with its molecular branch length. In salamanders, Adams et al. (2009) did not find a correlation of species diversification and phenotypic divergence but this correlation was found in fish (Rabosky et al., 2013 ). While we have not compared PD, as measured using morphological trait data, with PD as measured using molecular data in this paper, such comparisons should be made in the future. Furthermore, future diversification and extinction studies should be done using unbiased estimates of number of terminal lineages, and branch lengths among them, rather than number of taxa at any rank (Mishler, 2010) .
Finally, it actually doesn't matter which of these many possible reasons explain why taxonomic richness does not correlate with PD in a particular group. Taxonomic ranks are clearly an artificial imposition by humans onto nature, as discussed by many in advocating rank-free classification (De Queiroz & Gauthier, 1992; Laurin, 2005; Mishler, 2009 ). Taxa at the same rank are not comparable in any way and can't be made comparable given variation in extinction and diversification rates across the tree of life, thus they are always poor quantitative measures of biodiversity. PD on the other hand provides a quantitative, equable measure for comparing biodiversity among clades and across the landscape. The obstacle at the moment is that sampling for phylogenetic analyses is dictated by ranked taxonomies because that is the only way that specimens in DNA or spatial databases can currently be accessed and linked to a terminal in a phylogeny. In the future, rankless classifications named using the PhyloCode and its associated database RegNum (http://www.phyloregnum.org) will serve as a better basis for phylodiversity studies and phyloreferences (http://www. phyloref.org), will provide a method to generate machine computable semantics for clades.
We encourage evolutionary biologists to use PD in concert with or in place of taxonomic richness measures in the figures and tables in scientific publications and grant proposals. This would be simple to implement and would be an important conceptual shift in our field: a movement from a qualitative to quantitative science.
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